ABSTRACT. Understanding the relative influence of environmental variables, especially climate, in driving variation in species diversity is becoming increasingly important for the conservation of biodiversity. The objective of this study was to determine to what extent climate can explain the structure and diversity of forest bird communities by sampling bird abundance in homogenous mature spruce stands in the boreal forest of the Québec-Labrador peninsula using variance partitioning techniques. We also quantified the relationship among two climatic gradients, summer temperature and precipitation, and bird species richness, migratory strategy, and spring arrival phenology. For the bird community, climate factors appear to be most important in explaining species distribution and abundance because nearly 15% of the variation in the distribution of the 44 breeding birds selected for the analysis can be explained by climate. The vegetation variables we selected were responsible for a much smaller amount of the explained variation (4%). Breeding season temperature seems to be more important than precipitation in driving variation in bird species diversity at the scale of our analysis. Partial correlation analysis indicated that bird species richness distribution was determined by the temperature gradient, because the number of species increased with increasing breeding season temperature. Similar results were observed between breeding season temperature and the number of residents, shortdistance and long-distance migrants, and early and late spring migrants. Our results suggest that the northern and southern range boundaries of species are not equally sensitive to the temperature gradient across the region.
INTRODUCTION
Global climate change is expected to lead to profound changes in the composition of most biota, and studies demonstrate that there have already been biotic responses to the relatively small climate changes that occurred during the last hundred years in North America (Walther et al. 2002 , Root et al. 2003 . Understanding the relative influence of environmental variables, especially climate, in driving variation in species diversity is thus becoming increasingly important for the conservation of biodiversity (Tellería et al. 1992 , Walther et al. 2002 , Root et al. 2003 . However, the relative importance of how climate factors can shape biogeographical patterns of composition and avian diversity is less documented mainly because much of the research on bird communities has been focused on fragmentation of forest habitat, particularly where there has been permanent forest loss due to agricultural and urban expansion, and harvesting (Norton and Hannon 1997 , Schmiegelow and Mönkkönen 2002 , Drapeau et al. 2003 .
Many migratory and resident bird species inhabiting mature black spruce (Picea mariana) stands in the boreal forest of Canada's Québec-Labrador peninsula are accustomed to a wide range of conditions in their seasonal environment (Mengel 1964 , Møller et al. 2010 . This region has the advantage of encompassing a strong climatic gradient across the landscape from the maritime climate of the Labrador coast to the relatively more continental and drier climate of the James Bay coast (Litynski 1984) . Several recent studies have highlighted that climate seems to be an important determinant of geographic range for many birds (Root 1988 , Thomas and Lennon 1999 , Wormworth and Sekercioglu 2011 . Virkkala and Rajasärkkä (2011) found that population changes in boreal birds in Finland's protected areas were best explained by an interaction between distribution pattern (southern species vs. northern species) and migratory strategy. A species-specific climate envelope may be the reason why different groups have different patterns of distribution along geographical gradients. For example, long distance migrant birds might be expected to be mostly found in the warmest portions of the boreal forest because of their food requirements. Long distance migrants are mostly insectivorous when breeding, and peak in abundance of herbivorous insects is closely correlated to local climate conditions (Both 2010 ). This situation may not, however, be the case for all long distance migrants. A study on the potential sensitivity of breeding birds in southern Québec found that the Bay-breasted Warbler (Setophaga castanea), Tennessee Warbler (Oreothlypis peregrina), Lincoln's Sparrow (Melospiza lincolnii), and Swainson's Thrush (Catharus ustulatus), all long distance migrants, are associated with a cool and wet summer climate and have been identified as potentially sensitive to future climate change (DesGranges and Morneau 2010) . Even though these species are present across the region, they may be more strongly associated with the mature stands in the northeast of the Québec-Labrador boreal forest. Although DesGranges and Morneau (2010) observed that resident species do not seem to be responsive to climate variables, another study suggests their distribution during the breeding period may be influenced by spring temperature (Lemoine and Böhning-Gaese 2003) .
Among the numerous ecological factors that determine the spatial variation of bird species richness, climate seems to be important at a broad geographical scale (Tellería and Santos 1994) . Birds are likely to react directly to climate change events such as repeated periods of rain, frost, and heat, and indirectly to changes in the environment that influence features such as food availability, habitat structure, and relationships among organisms. Because of the milder climate expected throughout most of the province of Québec in coming decades, certain bird species' ranges are predicted to expand northward (Berteaux et al. 2010) . If temperature is one of the main drivers of bird species richness, we could expect more bird species in the southern portion of the boreal forest.
In this study, we examined forest bird community structure in the eastern boreal forest by quantifying the explanatory role of environmental and spatial variables. Specifically, we investigated to what extent climate can explain the structure and diversity of these forest bird communities by sampling bird abundance in homogenous mature spruce stands across the study region and by using variance partitioning techniques. To further understand the relationship between climate and avian communities, we wanted to qualify the relationship between climate factors and species richness, migratory strategy, i.e., long-distance migrants, short-distance migrants, and residents, and spring arrival phenology, i.e., early and late spring arrival. Our results provide a novel analytical approach toward understanding the effects of climate on bird species composition and diversity.
METHODS

Study area
This study took place in the eastern boreal forest region of Canada (49°26'N to 53°11'N, 78°35'W to 63°19'W; Fig. 1 ). To ensure enough contrast within the climate variables, the study area was spread out along two major altitudinal gradients that run south to north from the Saint-Lawrence North Shore to central Nouveau-Québec (~ 500 km), and west to east from the James Bay coast to the Labrador coast (~ 1000 km). The landform in the western portion of the boreal forest in Québec is composed of old marine terraces along the James Bay coast followed by gently rolling hills inland all along the La Grande hydrological complex (Robitaille and Saucier 1998) . This region is characterized by a relatively dry climate; annual rainfall varies from 600 mm to 1000 mm and the annual mean temperature ranges from -2.5°-0.0°C (Litynski 1984) . The landscape in the eastern portion of the boreal forest in Québec and Labrador is characterized by old marine terraces along the Saint-Lawrence North Shore and Lake Melville in Southern Labrador, the Manicouagan Reservoir (~ 400 m), gently rolling hills, and mountainous ranges with a maximum altitude of 1100 m (Groulx Mountains, Otish Mountains, Stevenson Mountains, and Mealy Mountains; Robitaille and Saucier 1998) . This region is characterized by a maritime climate. The annual mean temperature ranges from -2.5°-0.0°C, and annual rainfall varies from 1000 mm to 1400 mm (Litynski 1984) . Fig. 1 . Location of the study area in the eastern Canadian Boreal Shield, a forest region dominated by black spruce (Picea mariana).
Breeding bird data set
We conducted bird surveys ("complete counts") during the active breeding season (6 June to 13 July in 2007, 2008, and 2009) in 337 homogenous mature black spruce stands of known surface area. To ensure a complete coverage of the boreal forest of Québec and Labrador, selected stands were easily accessible and randomly spaced along the forest roads that exist in that remote section of the province. To make the effects of climate on forest bird distribution and abundance emerge, only mature black spruce stands embedded in a similar landscape matrix were sampled. This unique approach also allowed us to control for the effects of landscape and forest composition on bird communities. Selected stands were visited once early in the morning, between 5:00 am and 8:30 am (Eastern Standard Time), on calm days without strong winds (< = 25 km/hr) or continuous rain. To maximize the probability of detecting most bird species, each section of the sampled region was surveyed during the early (early June), middle (mid June), and late (late June/early July) parts of the breeding season. Observers recorded all birds seen and/or heard while they moved throughout the stand to improve detection of cryptic species and species that utilize large territories, e.g., grouse. The time (mean = 48 minutes) spent in stands was proportional to stand surface area (mean = 8.1 ha). Because time and surface area varied between sampled stands, we grouped stands located less than 5 km apart and that shared the same ecoregion into 74 clusters. Bird abundance corresponds to the total abundance of birds divided by the sum of the surface area of each cluster (called sites hereafter). Simple correlation analysis (d.f. = 74) showed that the sampling effort did not vary across the study region after grouping (latitude/surface area, r = 0.001, p = 0.99; latitude/ time, r = 0.076, p = 0.52; longitude/surface area r = -0.022, p = 0.86; longitude/time, r = -0.057, p = 0.63).
Environmental variables
We quantified stand structure and forest composition in each stand. The percentage of trees (above 2 m in height with diameter at breast height [DBH] > 9 cm), sapling cover (DBH < 9 cm), and regeneration were recorded for the most abundant woody species in each stand. We also recorded the percentage of canopy cover. From these measurements, we calculated seven habitat parameters that consisted of percent cover for black spruce (%), balsam fir (Abies balsamea; %), white spruce (Picea glauca; %), deciduous trees (%), lateral cover (%), conifer regeneration (%), and total canopy cover (%; Table 1 ). Habitat variables were expressed as a mean for each site (n = 74) and were arcsine-transformed before analyses.
Climate variables were estimated from the ANUSPLIN model, which is a bioclimatic prediction system that uses surrogate terms (bioclimatic parameters) derived from mean monthly climate estimates to approximate energy and water balances at a given location (McKenney et al. 2007) . A key contribution of this model has been the systematic incorporation of elevation as a predictor, particularly for temperature and precipitation.
Climate factors such as temperature and precipitation correlate with range boundaries of birds (Newton 2003, DesGranges and Morneau 2010) . To ensure a full coverage of different climatic conditions that can occur during the breeding season (late spring to early summer), we selected six temperature and precipitation related climatic variables, i.e., monthly maximum temperature and precipitation for the months of May, June, and July. A preliminary principal component analysis (PCA) on the entire data set (68 variables), however, showed a high correlation between seasonal climatic variables. To reduce redundancy among variables, we used mean trimonthly values for temperature and precipitation. Hence, only two climatic related variables, breeding season mean temperature (BST) and breeding season mean precipitation (BSP), were used in the analyses (Table 1) . We also selected two measures that provide an estimate of vegetation growth, start of growing season (SGS) and number of growing degree days (GDD; Table 1 ). The Julian day number for the start of the growing season corresponded to the Julian day number of the last day of five consecutive days when the mean daily temperature was above 5°C (no sooner than 1 March and no later than 31 July; McKenney et al. 2007) . GDD, which is estimated as the cumulative sum of the degree-days above 5°C for the growing season, has been used in horticulture to predict flowering dates and also in agriculture to predict yield, and has been used as a proxy for vegetation growth (Moyes et al. 2011 ). The climate variables were ln-transformed (ln [x+1]).
Statistical analysis: species composition
Multivariate analyses were performed using the R statistical language (R 2. 13.1; R Development Core Team 2010) and ordination figures were made using Canoco Software (ter Braak and Šmilauer 1998). To remove large differences in scale among the original variables, input for redundancy analysis (RDA) consisted of log (x +1) species abundance data using the "decostand" function in the "vegan" package. In an exploratory constrained ordination, the species composition of study sites was analyzed using detrended correspondence analysis (DCA; Hill and Gauch 1980), using Canoco Software. Species turnover, measured as standard deviation in the species response compared with the gradient length, was under three units (SD = 2.93) and subsequent linear type ordination was implemented using RDA.
To explore the spatial structure of the assemblage, geographical position (geometrical means) of sites (n = 74) were entered into a principal coordinates of neighbor matrices (PCNM). This method can quantify spatial trends across a range of scales and is based on eigenvalue decomposition of a truncated matrix of geographic distance among sampling sites (Borcard and Legendre 2002) . We used geographical coordinates of sample sites projected on a two-dimensional surface to compute the matrix of Euclidean distance. This matrix was then analyzed using the 'quick exploratory PCNM analysis' function in R software (available at www.bio.umon treal.ca/numecolR/). The eigenvectors associated with positive eigenvalues were submitted to a forward selection test using the "forward.sel" function of the "packfor" package (Blanchet et al. 2008 ) with 999 permutations, retaining significant PCNM. The forward selection test used was based on a procedure that corrects for the inflated Type 1 error and overestimation of explained variance associated with classical forward selection (Blanchet et al. 2008 ).
Significant climate and habitat variables were selected using the "forward.sel" function with 999 permutations. All significant PCNM and environmental variables were used in a RDA using the "vegan" package. Finally, we used variance partitioning (with the "varpart" function in "vegan") to partition the variance explained by climate, habitat, and spatial variables. In the first level of decomposition, the spatial variables were partialled out of the analysis to determine the relative effect of space (significant PCNM axis) versus environment on the variance in the species data. In the second level of decomposition, the environmental variables were partitioned into two subsets of variables (climate and habitat), and each of the two subsets was sequentially partialled out of the analysis after considering the effects of the spatial variables. Permutation tests with 999 permutations were performed to assess the significance of constraints. To interpret the species response to climate variables, we produced a biplot including climate data as explanatory variables and habitat and space data as covariables.
Statistical analysis: guild and species richness
We classified bird species of the boreal forest into four different guild types: migratory strategy, spring arrival, feeding guilds, and distribution pattern (Appendix 1). The migratory strategy guild is divided into three groups: residents, short-distance, and long-distance migrants. The spring arrival Eigenvalue for each step quantifies the level of variation in the bird community explained by that step (total variation = 1.00). ‡ The % of variance explained refers to the adjusted R². § The significance of each step is tested using a permutation test (999 permutations).
guild included two groups and excluded resident bird species: early spring arrival and late spring arrival. Early migrants are defined as species with a median spring arrival date in the study region before 8 May. The diet guild divided the bird species according to breeding season dietary preferences: mainly invertebrates (particularly insects), mix diet of insects and vegetation, and mainly seeds and berries. Distribution range included two groups: species whose northern breeding season distribution range extends well beyond the northern limit of our study region and species whose northern limit of their breeding season distribution corresponded to the northern limit of our study region or a little below. Guild classifications were derived from the literature (e.g., Aubry 1996, DesGranges and Morneau 2010) . Statistical relationships between the axes derived from RDA and bird species richness, migratory strategy and spring arrival were analyzed through partial correlation analysis. The latter analysis was used to solve the problem of the interactions among both axes (Zar 1996) . To determine whether diet groups differed in the proportion of early and late spring arrival groups within the long-distance migrants, we used a chi-square (X²) analysis of a contingency table with α = 0.05 (Zar 1996) . Shortdistance migrants were excluded from this analysis because of their relatively low number in comparison to long distance migrants (6 short-distance migrants vs. 28 long-distance migrants).
RESULTS
Bird community response
A total of 79 bird species were detected among the 74 sites. To determine the response of forest birds to climate and habitat variables, only species detected at more than 5% of our 337 stations were included in the statistical analyses. The Whitewinged Crossbill (Loxia leucoptera) was excluded from the analyses. This species is considered an irruptive conifer seedeating species and its breeding cycle is closely tied to cone availability (Benkman 1992). A highly productive year can thus dramatically increase their abundance which can lead to invasions, as was the case for 2008 in our study area. Thus, 44 species were used in our statistical analyses (Appendix 1).
There was a significant relationship between space and community composition. Using a forward selection procedure, six PCNM variables were selected out of a total of 32. The same technique yielded four significant climate variables and three significant habitat variables. There was a highly significant relationship between the set of climate, habitat, and spatial variables and community composition (Table 2) . Climate, habitat, and spatial variables explained 30% (adjusted R²) of the variation in composition. Figure 2A depicts the percentage of this variation explained by the first level of decomposition, which quantified the variance explained by environmental variables independent of spatial variables. Environmental variables with confounding spatial variables removed accounted for 23% (adjusted R²) of the variation in bird community structure. In contrast, spatial variables with confounding environmental variables removed explained 6% of the variation in bird community structure. Climate, habitat, and spatial variables alone explained 15%, 4%, and 6% of the total variation in composition, respectively (Fig. 2B) .
The first axis of the redundancy analysis ordination diagram explained 11% of the variance in bird composition. This axis represented a gradient from high breeding season temperature and high number of degree days of growing season to colder summer conditions in the study area (Fig. 3) . The second axis explained 4% of the variance in the species data, and mainly represented a precipitation gradient. It is noteworthy to mention that most of the species closely associated with high breeding season temperature were at the northern limit of their breeding season distribution whereas species found at the other end of the temperature gradient are those whose northern breeding season distribution range extends well beyond the northern limit of our study region.
The Magnolia Warbler (MAGW; Setophaga magnolia ), the Red-breasted Nuthatch (RBNU; Sitta canadensis), and the Nashville Warbler (NAWA; Oreothlypis ruficapilla) were strongly associated with stands having the warmest summer temperature whereas the Fox Sparrow (FOSP; Passerella iliaca), the Dark-eyed Junco (DEJU; Junco hyemalis), and the Common Redpoll (CORE; Carduelis flammea) were mostly encountered in stands with low summer temperature and high summer precipitation. The Tennessee Warbler (TEWA; Oreothlypis peregrina), the Boreal Chickadee (BOCH; Poecile hudsonia), and the Pine Siskin (PISI; Spinus pinus) were closely associated with stands having relatively high summer temperature and high summer precipitation. The Ruby-crowned Kinglet (RCKI; Regulus calendula) and the Orange-crowned Warbler (OCWA; Oreothlypis celata) were mostly found in dryer forest stands.
Species richness and guilds
Based on partial correlation analysis, bird species richness seems to be influenced mainly by temperature after controlling for the precipitation gradient (Table 3 ). This analysis also revealed a positive correlation between all guild types and temperature. The resident species seems to be influenced by both the temperature and precipitation gradient (Table 3) . The contingency analysis revealed that spring arrival phenology and food diet are not independent (X² = 6.711, d.f. = 1, p = 0.009). The number of bird species that feed mainly on insects during the breeding season was significantly higher among the late spring arrival group.
DISCUSSION
The objective of the study was to determine to what extent climate can explain the structure and diversity of forest bird communities by sampling bird abundance in homogenous mature spruce stands. By analyzing two environmental factors, climate and habitat, and systematically isolating the effects of each on bird community structure and composition, we revealed details about species-climate relationships that would otherwise remain undetected. For bird communities inhabiting mature black spruce stands in the boreal forest of the Québec-Labrador peninsula, climate variables appear to be most important in explaining species distribution and abundance because nearly 15% in the variation in the distribution of the 44 bird species studied can be explained by climate. The vegetation variables were responsible for a much smaller amount of the explained variation (4%). The smaller amount of explained variation accounted for by the habitat dataset might be attributed to the similarity of vegetation composition between similarly aged stands. Snag availability, which is an important habitat attribute for woodpeckers The results of this study suggest that climate plays an important role in shaping biogeographical patterns of composition and avian diversity in the boreal forest of Québec. These results are consistent with the findings of Johnson (1994) and Currie (2001) who found that the contemporary patterns of bird distribution in the conterminous United States covary strongly with summer temperature and moisture and with those of DesGranges and Morneau (2010) who found climate to play an important role in bird distribution in southern Québec. The eastern boreal region of Québec and Labrador is characterized by a subhumid climate that influences stand structure and composition because increased precipitation creates a longer fire return cycle (Boucher et al. 2003) . Our results show, however, that late spring/early summer temperature seems to be more important than precipitation in driving variation in bird species diversity at the scale of our analysis during the breeding season. Honkanen et al. (2010) argue that solar energy, rather than habitat heterogeneity is the main driver of species richness in boreal forest birds. The latter study found that bird species richness of long-distance migrants was positively correlated with the number of growing degree days.
In northern Québec, bird species association with climate differs with that found in the southern region of Québec (DesGranges and Morneau 2010). Certain species associated with a wet and cool climate in the latter study, such as the Baybreasted Warbler and Tennessee Warbler, were associated with the warmer climate in our more northern study. Both species were, however, found to be at the northern limit of their summer distribution range, which could explain their associations with warmer conditions during the breeding season in the northern ecosystems. Although both species' Avian Conservation and Ecology 7(1): 2 http://www.ace-eco.org/vol7/iss1/art2/ populations are known to fluctuate widely depending on spruce budworm (Choristoneura fumiferana) outbreaks in eastern North America (Cooper et al. 1997 , Rimmer et al. 1998 ), significant recent short-term declines have been recorded, mainly for the Bay-breasted Warbler (Hill and Hagan 1991) . It is not known whether the cause of this decline is related to recent temperature increases. However, if birds such as the Bay-breasted Warbler are breeding near the geographical limit of their food resources, small declines in the favorable climate conditions could result in relatively large decreases in reproduction or survival (Martin 1987 The relationship between local climate conditions and the distribution of forest birds is further supported by our results that suggest that the number of long-distance migrants, shortdistance migrants, and residents are significantly influenced by spring temperature. All short-distance migrants in our bird community arrive early in the spring. Because of the close proximity with their breeding sites, climatic cues could possibly have an impact on short-distance migrant distribution (Jenni and Kery 2003) . To a lesser extent, the number of longdistance migrants was associated with spring temperature. Long-distance migrants seem to distribute themselves into two groups across the temperature gradient. Neotropical species that migrate early in the spring such as the Fox Sparrow, Swainson's Thrush, and Yellow-rumped Warbler (Setophaga coronata ) were mostly associated with colder sites, whereas neotropical species that migrate late in the spring such as Baybreasted Warbler, Cape May Warbler (Setophaga tigrina ), and Magnolia Warbler were mostly found in warmer sites. Interestingly, among all neotropical late migrants, 13 species out of 16 feed mainly on insects during the breeding season whereas among the neotropical early migrants 9 out of 12 species have a mixed diet consisting of vegetation and insects. Among the neotropical species, late migrants in particular might be the most sensitive to climate change because their food requirements are associated with local climate conditions. Recent studies have highlighted that long-distance migrants that mainly feed on invertebrates are considered more vulnerable to population declines because of mistiming between their migration schedule and maximal food abundance (Jenni and Kery 2003 , Marra et al. 2005 , Both 2010 ).
Surface air temperatures have increased in southern Québec during the period between 1960 and 2005, with significant warming being evident in the western, southern, and central parts of the province (Yagouti et al. 2008) . Without a major reduction in global greenhouse gas emissions, this warming should continue in the future, with estimated increases in average annual temperatures in Québec of 2°-5°C from now until the end of the century (2090 -2099 IPCC 2007) . At this point in time, we cannot say whether climate change in the eastern boreal forest of Canada will be detrimental (Devictor et al. 2008 , Rodenhouse et al. 2008 , Virkkala et al. 2008 or mostly beneficial (D. Berteaux, N. Casajus, and Y. Gendreau, unpublished manuscript) to the boreal avifauna because the extent to which behavioral plasticity can enhance the benefits of favorable weather or lessen severe conditions is unknown. Because forest birds seem to respond differently to a broad scale climate gradient, field research and demographic modeling efforts should focus on understanding the effects of climate change on birds that are more susceptible to short-term climate change such as neotropical late migrants in the northern regions and link the changes in abundance and distribution of such species to the phenological response across trophic levels. 
